Tissue macrophages are the obligatory host cells for Leishmania donovani, the causative agent of visceral leishmaniasis. In this study we sought to determine whether activated macrophages, as defined by the functional criterion of tumor cell cytotoxicity, were also able to exert a microbicidal effect on ingested L. donovani amastigotes: We found that mouse peritoneal macrophages activated by a variety of means exerted a cytotoxic effect on tumor cell targets but were not able to kill L. donovani amastigotes unless the infected macrophages were exposed continually to an activating stimulus. Corynebacterium parvum, Mycobacterium tuberculosis H37Ra, and lymphokine-activated peritoneal macrophages from C57BL/6J mice were cytotoxic for EMT6 tumor cell targets. However, L. donovani Sudan strain 1S amastigotes were not killed by these macrophages unless the activated state was maintained by daily addition of lymphokine to the infected monolayers for several days postinfection. The killing of amastigotes was dependent on the time of exposure to lymphokine, as well as on the concentration of lymphokine added to the culture.
Tissue macrophages are the obligatory host cells for Leishmania donovani, the causative agent of visceral leishmaniasis. In this study we sought to determine whether activated macrophages, as defined by the functional criterion of tumor cell cytotoxicity, were also able to exert a microbicidal effect on ingested L. donovani amastigotes: We found that mouse peritoneal macrophages activated by a variety of means exerted a cytotoxic effect on tumor cell targets but were not able to kill L. donovani amastigotes unless the infected macrophages were exposed continually to an activating stimulus. Corynebacterium parvum, Mycobacterium tuberculosis H37Ra, and lymphokine-activated peritoneal macrophages from C57BL/6J mice were cytotoxic for EMT6 tumor cell targets. However, L. donovani Sudan strain 1S amastigotes were not killed by these macrophages unless the activated state was maintained by daily addition of lymphokine to the infected monolayers for several days postinfection. The killing of amastigotes was dependent on the time of exposure to lymphokine, as well as on the concentration of lymphokine added to the culture. Macrophage activation can be described as a series of morphological, functional, and biochemical changes which confer upon quiescent macrophages microbicidal capability or tumoricidal capability (7, 8, 13) . However, the expression of one particular manifestation of macrophage activation does not necessarily coincide with the presence of another (21) . One reason for the differential expression of macrophage functions may be that different populations of activated macrophages possess different functional capabilities (20) . Tumoricidal subpopulations may be distinct from populations possessing enhanced microbicidal capacity. Alternatively, the process of macrophage activation may constitute a stepwise increase in the effector capacity of the mononuclear phagocytes in which microbicidal and tumoricidal capabilities are expressed uniformly by all cells in a given population. However, microbial and tumor cell targets may differ in their sensitivities to destruction by macrophages, so that killing of one type of target requires more intense or prolonged contact with the effector mechanisms of the macrophages than another. Comparative studies of microbicidal and tumoricidal abilities of macrophages should contribute to our understanding of macrophage activation and, in addition, should define the relative susceptibilities of tumor and microbial targets to the killing mechanisms of macrophages. Therefore, it was the objective of this study to examine the innate and induced capacities of mouse peritoneal macrophages to kill the tissue form of Leishmania donovani. In addition, intracellular killing of this protozoan parasite was compared with the more commonly used characteristics of tumor cell growth inhibition and tumor cell killing by macrophages elicited and modulated in several ways.
The protozoan parasite L. donovani is the causative agent of visceral leishmaniasis (19) . It is estimated that 400,000 new cases of disseminated leishmaniasis occur each year in endemic areas of the world (12) . The parasite exists in two forms. The free-swimming promastigote form enters a vertebrate host through the bite of an infected phlebotomine sandfly. The promastigotes then convert to the amastigote form and take up residence within tissue macrophages of the host. The amastigotes divide within macrophages primarily in the liver and spleen, until the susceptible host carries an enormous parasite burden in late-stage disseminated leishmaniasis (19) .
Using culture conditions described previously, we found that mouse peritoneal macrophages allow survival but not multiplication of ingested amastigotes throughout a 96-h assay period. A similar relationship occurs with the guinea pig pathogen Leishmania enriettii cultured in mouse macrophage monolayers (15) . Together with tumor cell cytotoxicity, the interaction of mouse macrophages with L. donovani amastigotes provides a convenient model system for the study of the functional capacities of activated macrophages. We report here that tumoricidal macrophages are insufficiently activated to kill ingested L. donovani amastigotes in vitro unless an activating stimulus is maintained for several days. This report describes the first unequivocal demonstration of killing of the agent of visceral leishmaniasis by activated macrophages and reveals the considerable innate resistance of this pathogen to the effector mechanisms of mononuclear phagocytes. [Sigma] , 85.6 g of sucrose, 1,000 ml of distilled water, pH 7.8). The homogenate was centrifuged at 150 x g for 5 min to remove the tissue debris. Then the supernatant was centrifuged at 1,000 x g for 20 min, and the pellet of amastigotes was suspended in buffer and centrifuged again at 1,000 x g for 20 min. The organisms were then suspended in 15 18 -mm glass cover slips were infected for 4 h with 1.0 ml of the parasite suspension. The ratio of parasites to macrophages ranged from 10:1 to 100:1, as indicated in the figure legends and tables. Unphagocytized amastigotes were removed by washing the monolayers with MEM. The level of infection of macrophages was proportional to the multiplicity of infection (MOI). The mean number of amastigotes ingested per macrophage at a given MOI was always higher for preactivated macrophages than for thioglycolate-elicited macrophages, yet reproducibility of infection from cover slip to cover slip for a given macrophage type was excellent (+5%) within an individual experiment. The percentage of cells infected at each MOI is given in the figure legends and tables. Infected monolayers were raised to the leishmanicidal stage of activation by incubating them with lymphokine preparations. Control cultures were incubated in MEM containing 10% FCS supplemented with control supernatants or growth medium. The incubation mixtures were changed daily in all cases. The course of L. donovani infection within peritoneal macrophages was monitored by examining glutaraldehyde-fixed, stained monolayers by light microscopy. Estimations of amastigote killing by macrophages were based on the physical elimination of ingested parasites. Two cover slips from each experimental group were examined for each time point. The number of amastigotes per 500 infected macrophages was determined for each cover slip. Values were expressed as numbers of intact amastigotes per 100 macrophages. Numbers of amastigotes per infected cell ranged from 1 to 15 in thioglycolate-elicited macrophages and from 1 to 30 in the C. parvum-elicited and H37Ra-elicited macrophages.
RESULTS
Tumor cell cytostasis and killing by elicited macrophages activated in vitro. We examined the cytostatic and cytocidal activities of thioglycolate-elicited peritoneal macrophages that were activated in vitro (Table 1) . Thioglycolate-elicited macrophages did not inhibit thymidine uptake by EMT6 target cells compared with EMT6 cells incubated alone. The addition of normal syngeneic spleen cells and ConA resulted in a highly cytostatic population of macrophages, as did the addition of lymphokinecontaining spleen cell supernatants. Normal spleen cells alone caused minimal levels of inhibition. EMT6 cells incubated with ConA or lymphokine alone were not inhibited to a significant degree (data not shown). Tumoricidal activity as measured by the spot test and the quantitative clonogenic assay correlated quite well with tumor cell cytostasis. After the optimum conditions for development of tumoricidal capability were determined, we examined the ability of macrophages activated in vitro to kill ingested L. donovani amastigotes. Killing of L donovani by elicited macrophages activated in vitro. As Fig. 1 shows, elicited mouse peritoneal macrophages allowed survival but not intracellular multiplication of L. donovani amastigotes. Infection levels did not fluctuate significantly over a 12-day period. To examine the fate of amastigotes in macrophages activated in vitro, monolayers of thioglycolateelicited macrophages were incubated immediately after infection in tissue culture medium containing 30% (vol/vol) lymphokine. After 24 h, the lymphokine was removed from one group of infected monolayer cultures, which were incubated in medium alone for the remainder of the 4-day assay period. The rest of the cultures were given fresh, lymphokine-containing medium. After 48 h of exposure to lymphokine, a second group of infected monolayers was selected, the lymphokine was removed, and the cells were incubated in medium alone for the remainder of the 4-day assay period. Again, the rest of the cultures were given fresh, lymphokine-containing medium. This procedure was repeated at 72 h postinfection, and all samples were stained and examined by light microscopy after 96 h of infection. Hence, groups of infected monolayers received either one, two, three, or four daily pulses offresh, lymphokine-containing medium. The ability of monolayers treated in this manner to kill amastigotes was compared with the killing ability of infected monolayers that received daily pulses of fresh medium containing 30% (vol/vol) control supernatant (Fig.   2) . Monolayers incubated for 96 h with control supernatant showed no killing of ingested amastigotes. Furthermore, there was no appreciable decrease in the number of amastigotes per 100 cells, nor was there any significant change in the percentage of cells infected. After 1 or 2 days of lymphokine stimulation, macrophages contained amastigotes to the same extent as macrophages treated with control supernatant. Also, the percentage of infected cells was comparable to the percentage in monolayers examined immediately after infection. However, macrophages exposed to 3 days of continuous incubation with lymphokine destroyed a significant percentage of the intracellular parasites. Lymphokine preparations were not toxic for macrophages, although the lymphokine-treated cells were more rounded than the cells treated with control supernatant fluids. Adherence was not affected, as shown by the comparable numbers of macrophages in lymphokine-treated and control cultures after 96 h. Thus, the data reflected actual elimination of amastigotes within macrophages. After 4 days of continuous incubation with lymphokine, the macrophages eliminated virtually all ingested amastigotes. However, the time of stimulation with lymphokine for activation to leishmanicidal capacity was not absolute since it could be reduced from the 72 to 96 h observed in this set of experiments by more potent lymphokine preparations. This was consistent with the observation that amastigote killing was dependent upon the concentration of lymphokine in the culture medium (Fig. 3) . Infected thioglycolate-elicited macrophages were incubated in MEM containing 10% FCS and lymphokine at concentrations ranging from 5 to 30%. The medium was changed daily, and lymphokine was present continuously. Cover slips were stained 96 h postinfection. This experiment showed that lymphokine concentrations less than 10% (vol/vol) were insufficient to generate leishmanicidal activity. Killing of amastigotes by preactivated macrophages. We next examined the microbicidal activity of a macrophage population previously raised to a tumoricidal state at the time of explant from the peritoneum. Mice were injected intraperitoneally with C. parvum vaccine 1 week before activated peritoneal exudate cells were collected. The C. parvum-treated macrophages were infected within 1 h after adherence to glass cover slips. Despite the fact that the C. parvum-activated macrophages exhibited both tumoricidal and tumoristatic activities, they were not able to kill ingested L. donovani amastigotes (Table 2) . If the tumoricidal macrophages were maintained in the activated state by daily pulses of lymphokine, they killed L. donovani effectively. Doe and Henson (6) have shown that thioglycolate-elicited macrophages from C57BL/6 mice treated with lipopolysaccharide are cytotoxic for tumor cells. In our hands, these macrophages were cytostatic and cytotoxic to an intermediate degree, but no parasite killing was observed after lipopolysaccharide stimulation of macrophages.
The inability of preactivated macrophages to kill amastigotes was not confined to macrophages obtained from C. parvum-treated animals. PPD was used to elicit peritoneal macrophages from M. tuberculosis H37Ra-infected mice. We confirmed that without further stimulation, macrophages from these infected animals were tumoricidal for EMT6 cells, yet this population of tumoricidal macrophages was not activated sufficiently to kill L. donovani amas- vated + lymphokine aLipopolysaccharide (LPS) Wfrom Escherichia coli 0111: B4 (Difco Laboratories, Detroit, Mich.) was added to macrophages in vitro at a concentration of 25 jig/ml. Mice were injected with 700 jig of C. parvum vaccine 1 week before peritoneal exudate was harvested. ConA-induced lymphokine was added at a final concentration of 30%.
b Mean ± standard error of the mean for three experiments. c Mean ± standard error of the mean for two experiments.
The percentages of infected celis at zero time were as follows:
thioglycolate-elicited macrophages, 90%; C. parvum-activated celLs, 98%. d Monolayers were fixed immediately after infection.
tigotes unless it was stimulated further with lymphokine for several days (Fig. 4) Figure 5 shows the elimination of parasites after 96 h by lymphokine-treated H37Ra-activated macrophages.
We compared two lymphokine preparations for the ability to activate macrophages so as to kill Leishmania tissue forms. A lymphokine preparation generated from PPD-stimulated spleen cells taken from M. tuberculosis H37Ra-infected animals was sufficiently potent to activate thioglycolate-elicited macrophages to a highly tumoristatic level at a concentration severalfold lower than the concentration of lymphokines produced by ConA-stimulated spleen cells from normal mice (Table 3) . A final concentration of 5% PPD-induced lymphokine resulted in a highly cytostatic population of macrophages, whereas ConA-induced lymphokine at a final concentration of 25% was required to induce a tumoristatic macrophage population. Each lymphokine was tested in the leishmanicidal assay (Table 3) . PPD-elicited macrophages from M. tuberculosis H37Ra-infected animals were tumoristatic and tumoricidal (data not shown), but macrophages infected immediately after explant with L. donovani amastigotes were not able to kill ingested parasites, although they demonstrated enhanced phagocytosis. The infection levels in H37Ra-activated macrophages were severalfold higher than the infection levels in thioglycolate-elicited cells (Fig. 4) . As shown above, these macrophages were able to eliminate amastigotes after stimulation with lymphokine, but the length of stimulation required to activate the macrophages to microbicidal capacity was reduced when the more potent PPD-induced lymphokine was used (Table 3) . Macrophages stimulated for only 2 days with PPD-induced lymphokine eliminated virtually all amastigotes, whereas these same macrophages required 4 days of stimulation with the ConA-induced lymphokine preparation. In all cases, at least 24 h was required to eliminate killed parasites after lymphokine stimulation was terminated. Therefore, the killing time was reduced with the more potent lymphokine preparation, but the time required for digestion and elimination of the parasite was not reduced. This was verified (data not shown) by using the sodium dodecyl sulfate amastigote release assay of Mauel et al. (14) , and the data were comparable to the L. enriettii elimination by activated mouse macrophages reported by these investigators (4, 15) .
DISCUSSION
Fully activated macrophages are defined functionally by their capacity to exert microbicidal and tumoricidal effects (7, 8, 13 (10, 18) . Studies to determine whether killing of this important protozoan parasite by activated macrophages is dependent on hydrogen peroxide and other intermediates of molecular oxygen are in progress.
